Forty-three patients with arteriovenous malformations (AVMs) of the corpus callosum treated by em bolization were reviewed. The following clinical and radioanatomic characteristics were found: 84% (36 patients) presented with intracranial hemorrhage, 43% (20 nidi) of the lesions were located in the posterior half of the corpus callosum, multiple nidi were more frequent (21%) than expected, 27 nidi (59%) were fed by branches of both the anterior and posterior cerebral arteries, AVMs mainly drained into the internal cerebral vein and/or interhemispheric superficial veins, and 19 (41%) had both draining pathways, 10 patients (23%) had impaired drainage through the straight sinus due to dys plasia. Staged embolization was performed in 245 feeders. Curative occlusion (more than 95%) was ob tained in 17 patients (40%) and considerable occlusion (more than 75%) in 33 patients (77%). Large and giant, diffuse-type, and multifocal AVMs were difficult to completely embolize. Complications as sociated with embolization occurred in six patients, mostly during the first 5 years. Only two patients had a permanent deficit related to a complication. Overall morbidity and mortality were 7% and 2%, respectively. Nine patients were referred for stereotactic radiosurgery, three of whom were completely cured and five patients have not been assessed. Most AVMs in the corpus callosum are supplied by mul ti-axial feeders, so multi-target intranidus embolization is very important to prevent the development of other feeders secondary to the hemodynamic shift. Combined therapy using maximum emboliza tion and subsequent radiosurgery may be the most effective method to treat AVMs in the corpus callo sum.
Introduction
Arteriovenous malformations (AVMs) of the corpus callosum are among the most difficult deep-seated AVMs to treat surgically',",",") because the lateral ex tent is often hidden by the medial cortex. The radical operations required for the holocallosal type or for le sions with intraventricular extension almost invaria bly result in cognitive dysfunction.",")
Many surgical approaches for these lesions have been proposed and the technical problems and surgical limitations have been clarified. 18, 19) More recently, less invasive methods have been de veloped for the treatment of deep-seated AVMs with the hope of functional preservation."') Endovascu lar embolization has become an important method for treatment either alone or prior to radiosurgery.
We review our experience with 43 AVMs in the cor pus callosum treated by the endovascular approach and discuss the radioanatomic indications for en dovascular treatment.
Clinical Materials and Methods
A total of 420 patients with AVMs were treated by en dovascular embolization in our department from January 1984 to April 1994. Forty-three patients (10%) with AVMs in the corpus callosum were in cluded in this study. There were 18 females and 25 males ranging in age from 6 to 57 years (mean 29.6 years). Thirty-six patients (84%) presented with in tracranial hemorrhage (23 intraventricular hemor rhage, 10 subarachnoid hemorrhage, and 3 in tracerebral hemorrhage), four with seizures, two with headaches, and one with cerebellar dysfunction. The number of hemorrhagic episodes before initial treatment was one in 19 patients, two in nine, three in four, and more than four in four patients. Two patients had already undergone surgical removal and one had undergone radiosurgery in another country. Antecedent neurological deficits were recognized in 11 patients, and were due to previous hemorrhage in eight of these patients.
I. Radioanatomic evaluation Selective four-vessel angiography was initially per formed for all candidates, and if needed, the menin geal branches from the external carotid arteries were also examined.
Feeding arteries, draining veins, characteristics of the nidus, and hemodynamics of the AVM were meticulously checked on the entire series of angiograms.
II. Embolization
Under general anesthesia and systemic hepariniza tion, a 6 F guide catheter was positioned through a transfemoral approach in the internal carotid or ver tebral artery in the neck. A progressive suppleness microcatheter (Magic 1.5 or 1.8 F; Balt, Montmoren cy, France) was coaxially introduced and was navigat ed distally to the terminal of the target feeder (most often inside the nidus or when this was impossible just upstream of the nidus) with the aid of biplanar fluoroscopy and road-mapping techniques. The loca tion, extent, and shunt flow of the afferent nidus and absence of normal branches were confirmed by selec tive angiography.
A total of 245 feeders (average 5.7 feeders per patient) were embolized in one to nine stages. All em bolizations were performed by one neuroradiologist (L.P.). The embolic material was N-butyl 2 cyanoacrylate mixed with various proportions of Lipiodol (Kodama, Tokyo) in 183 feeders (75%), and isobutyl 2-cyanoacrylate in 62 feeders in the ini tial stage. Intranidus embolization was achieved by a very slow injection, intended to block the nidus and draining veins. Most AVMs had lots of draining veins and consequently occlusion of these veins is not risky. Occluding a vein often induces very useful sec ondary extensive thrombosis. When the nidus was sufficiently packed with embolic materials (less than 1 ml), the microcatheter and guiding systems were withdrawn. Immediately the guide catheter was re-in troduced at the same position and post-embolization angiography was performed.") These serial procedures were usually repeated for one to three feeders in each stage. If significant hemodynamic change was observed, the procedure was discontinued and the patient was committed for the next stage of embolization several months later. This staged embolization was repeated until the remaining feeders were embolized as much as possi ble. When catheterization was no longer possible in the required position, radiosurgery was selected as the second treatment.
Patients were followed up for a period of 4 months to 10 years (mean 5.9 years) after the first stage of embolization. The result of embolization was evaluated by comparison of the initial volume of nidus with that on the final angiogram in the most re cent stage of embolization. Some AVMs had persis tent abnormal, dilated vessels or small networks around the initial nidus in the absence of shunting, in which case the rate of occlusion was regarded as 99%.
Results

I. Radioanatomic results
Nidus: Table 1 summarizes the nidus characteris tics. The location of the nidus was divided into four types according to Yasargil's classification"): an terior, middle, posterior, and holocallosal. Further more, the holocallosal type, which includes lesions that extend along more than two thirds of the corpus callosum, was divided into two subtypes, anterior and posterior, based on the location of the major part.
The nidi were divided into three types: the "com pact" type which was well demarcated and located within the corpus callosum; an "extensive" nidus in volving the cingulate gyrus or septum pellucidum as well as the corpus callosum; and a "diffuse" nidus which was ill-defined, scattered,') and involved corti cal, subcortical, and intraventricular regions associ ated with extensive dilatation of cortical vessels. In addition, multiple nidi were classified as individual, or associated with a satellite or "daughter nidus."13)
The volume of the nidus was estimated, rather than measuring only the largest diameter, to achieve improved accuracy, particularly of thin lesions. The lesions were divided into four size ranges: less than 10 ml (small), 10 to 24 ml (medium), 25 to 50 ml (large), and more than 50 ml (giant). Multiple nidi were evaluated by their total volume. The nidus was never located exactly in the midline but was always biased to one side: 20 to the right and 23 to the left. Eleven nidi were located in the anterior corpus callosum (rostrum and genu), six in the mid portion (body), and 20 including three daughter nidi in the posterior (splenium). Nine were of the holocal losal type. Multiple nidi were observed in nine patients including three intracallosal daughter nidi and six non-callosal ones (Fig. 1) . All intracallosal daughter nidi in the splenium had a parent nidus in the genu. Non-callosal daughter nidi included two in the deep gray matter, and four in the paramedian periventricular region (third ventricle). The extensive type of nidus occurred in 14 patients and the diffuse type in 10.
Feeding arteries: Table 2 summarizes the feeding arteries by location of the nidus. In general, AVMs in the corpus callosum were fed by an anterior pericallosal artery and/or posterior pericallosal or posterior choroidal arteries; 27 nidi (59%) were sup plied by both anterior and posterior circulations. All anterior AVMs were fed by branches of the anterior cerebral artery (ACA) (Fig. 2) . In contrast, 15 nidi in the posterior group were fed by both branches of the posterior cerebral artery and by the ACA. Thirty nidi were fed by bilateral pericallosal arteries. All patients except one showed asymmetric enlargement of the pericallosal artery corresponding with the later ality of the nidus, with a normal caliber artery on the contralateral side. Seven lesions, including five diffuse type, had cortical branches of the middle cerebral artery that indirectly participated in the supply of the AVM via pial anastomotic networks, two of which developed after embolization of the main feeders. In four patients, perforators (len ticulostriate arteries), the Heubner artery, and the an terior choroidal artery supplied the daughter nidus. Six lesions had a contribution from nine meningeal artery feeders on the initial angiograms, and one of which appeared to develop meningeal artery feed ers after embolization (Fig. 3) . Eleven patients had large leptomeningeal collateral networks in the frontal or parietal medial cortex and subcortex. Draining veins: The venous drainage was divided into three patterns (Fig. 4) . The deep drainage pat tern (Type A) drained into the internal cerebral vein and/or inferior sagittal sinus flowing out into the straight sinus. The superficial drainage pattern drained into the superior sagittal sinus via the superfi cial ascending veins on the surface of the medial cor tex (Type B) and/or via a persistent primitive falcine sinus (Type B'). The deep collateral drainage pattern (Type C) drained into the sinus of the cranial base (except for Type A), and included two subtypes; one type representing reflux from the vein of Galen into the basal vein and draining into the cavernous, sphenoparietal, or sigmoid sinus via superficial tem poral veins or lateral mesencephalic veins, and the other type representing anterior basal drainage into the cavernous sinus via a persistent anterior cerebral vein. Table 3 summarizes the drainage patterns. A mixed pattern of Types A and B was most common (19 nidi, 41%) followed by Type A only (11 nidi, 24%). Fifteen nidi had Type C drainage. Four pa tients showed no opacification of the straight sinus because of aplasia or total occlusion, and six pa tients showed hypoplasia or stenosis of the straight sinus. Of these, eight had drainage via an alternate route. Twenty-five patients showed no opacification of the straight sinus on the normal venous phase angiogram because the sinus was occupied with voluminous drainage flow from the AVM. An as sociated varix was seen in 11 cases, of which eight were in the internal cerebral vein and three in cor tical veins. Six of these were associated with steno sis of the draining systems. Table 4 shows the results of embolization. Con siderable occlusion (more than 75%) was obtained in 33 patients (77%), 17 of which were curative occlu sions (more than 95%) including four with total oc clusion (Fig. 2) . Slightly more than half of all patients still had a few embolizable feeders to be treated in the following stage. The proportion of patients with successful occlusion can be expected to increase with further embolization.
II. Results of embolization
The diffuse type and large or giant lesions were difficult to embolize totally, and nidi with anteroposterior extension like the middle or holocallosal type were less occluded than those in other locations (Table 5 ). Curative oc clusion was not achieved in any diffuse type lesions and in only 11% of multifocal lesions. The pattern of drainage did not influence the difficulty of emboli zation. Nine patients with considerable occlusion were referred for stereotactic radiosurgery, and three had complete occlusion on post-radiosurgery angio grams whereas five patients have not been assessed (Table 4 ). In our series, including patients still being treated, successful hemostasis was achieved in 93% (40 patients) by embolization. At present, we have obtained a radioanatomic cure (more than 99% oc clusion) in eight (19%) of 43 patients.
Complications associated with embolization oc curred in six patients, most of them before 1990 (Table 4 ). Only two patients had permanent deficits. Thrombotic distal embolism during superselective catheterization occurred in two patients, both of whom were successfully recanalized by phar macodynamic therapy with intensified hepariniza tion, which resulted in no sequelae. One patient developed a permanent motor deficit because of oc clusion of the ACA (A, portion) related to a rupture of the microcatheter due to sudden loss of fluoroscopy. These technical complications had no relationship with the type of nidus and the pattern of feeders and drainers.
Intraoperative hemorrhage (subarachnoid) due to rupture of an associated aneurysm occurred in one patient, who showed no neurological deficits. Postembolization neurological deficits were seen in two patients with large and multi ple nidi embolized using isobutyl 2-cyanoacrylate, both of whom recovered within a few weeks. Prema ture rebleeding was seen in three patients. Two had no significant neurological change, but the other died of hemorrhage. Overall postembolization morbidity and mortality were 7% and 2%, respectively. 
Discussion
AVMs of the corpus callosum comprise 9% to 11%2,3,12,'5,19) of all cerebral AVMs. These lesions are differentiated from other deep-seated AVMs by the absence of blood supply from perforating arteries.2) These AVMs also have similar radioanatomic charac teristics except for a few variations related to loca tion. The position close to the midline and their lon gitudinal extension results in feeding by not only bilateral arteries but also by both anterior and posterior circulations.
Generally, AVMs located in the anterior to middle part of the corpus callosum are supplied by pericallosal arteries and posterior AVMs are fed by posterior pericallosal or posterior choroidal arteries. 17,18) In our series the contribution of both circulations was seen in 27 nidi (59%), and most of them showed a multicompartmental nidus with anastomotic channels between feeding arteries. This may be the cause of enlargement of some resid ual nidi on post-embolization angiograms due to recruitment of the other axes. Eleven patients had large leptomeningeal collateral networks in the fron tal or parietal medial cortex and subcortex. Such diffuse vessel dilatation generally regresses following embolization of the nidus in the corpus callosum.2) Nevertheless, pathological angioectasia (sprouting angiogenesis2)) was observed on follow-up angio grams of one patient.
The contribution of meningeal arteries was noted in six patients, in one of whom it developed after embolization through the main feeders. In general, deep AVMs are rarely supplied by meningeal branches.') However, AVMs of the corpus callosum are located close to the falx and tentorium cerebelli, so development of meningeal feeders, especially tentorial, may be stimulated when the nidus is not completely occluded. The mechanism of enlarge ment of the AVM is in agreement with several theories.2,16,17) However, the hemodynamic change of callosal AVMs is due to incomplete emboliza tion. This suggests that multi-target intranidus em bolization may be needed to prevent the develop ment of feeders from the contralateral side.
Treatment of the daughter nidus is a separate problem. Patients with an AVM in the corpus callo sum seem to have a higher risk of multifocal lesions. In our series 21% of patients had multifocal lesions, in contrast to 3.0% in most series of cerebral AVMs. Since these daughter nidi are likely to be fed by fine branches which are sometimes "en passage" on func tional perforators, catheterization and embolization are not easy.
The anatomic relationships of AVMs in the corpus callosum are complicated and may not always be favorable for endovascular treatment. In particular, the diffuse type, large or giant lesions, and multifocal lesions may be difficult to totally embolize. In our series, curative occlusion was not achieved in any diffuse type lesions and in only 11 % of multifocal le sions. Large and giant AVMs also showed a sig nificantly lower rate of curative occlusion (6%) than that of small and medium AVMs (59%). These AVMs are often amenable to stereotactic radiosur gery, but multiple, small residual nidi following maxi mum embolization may be difficult for radiosurgery. However, radiosurgery is now possible using multi ple targets.
In general, the venous drainage of corpus callo sum AVMs converges into the deep venous sys tem .3,1s,19> The predominance of superficial drainage through the interhemispheric cortical veins or primi tive persistent falcine sinus flowing into the superior sagittal sinus seems to depend on the extension of the nidus into the cingulate gyrus and medial cortex. Le sions with restricted venous outflow into the straight sinus or inferior sagittal sinus due to agenesis, steno sis, or occlusion of the straight sinus must develop su perficial drainage or deep collateral channels. In our series, occlusive anatomic variants of the straight sinus were observed in 23% of patients, which was slightly less than the 41% described previously." Such variations are more commonly observed in deep-seated cerebral AVMs, especially in vein of Galen malformations. 1,3,12,15,17) Berenstein and Lasjaunias2) found that converging systems such as deep veins carry a higher risk of developing ectasia than diverging or highly anastomotic cortical ve nous systems. Actually, the rate of an associated varix in our series was 26%. Furthermore, increased pressure in draining veins due to impaired venous outlet may account for the high incidence of he morrhage from these AVMs. 1,6,12 In addition, ve nous congestion may cause focal hypoxia as well as rupture of the AVM.
The major clinical manifestation of AVMs of the corpus callosum is hemorrhage (36/43, 84%). In our series, 17 patients had repeated episodes of bleeding and eight patients presented with neurological deficits due to previous hemorrhage. Therefore, the goal of embolization should be the prevention of bleeding. In our series, including patients still being treated, successful hemostasis was achieved in 93% (40 patients) by embolization. At present, we have obtained a radioanatomic cure (more than 99% oc clusion) in 19% of patients. Some patients are still undergoing staged embolization so that maximum embolization combined with radiosurgery will in crease the occlusion rate. Most of our cases were con sidered as unoperable and the rate of posttreatment morbidity was very low. Therefore, intranidal em bolization and radiosurgery are the first choice rather than open surgery for the prevention of bleeding and reduction of shunt flow.
